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DIVISION OF ENGINEERING

-Brown University
Providcnce, R1 02912

July 18, 1986-

To: Dr. Y. Rajapakse, Scientilic Officcr, ONR
From: C.F. Shih :
Re: ~  Final Report on ONR Contract No. N00014-85-K-0365

As_a [inal rcport on this contract, I am submitting the attached list of reports.and:

papers that have resulted from our rescarch work -under this contract. 1 have also-
cenclosed onc copy of cach report and paper. Progress on the projéct has been summarized

in. the Annual -Report submitted to the Mcchanics Division: of ONR, and the dctails -of
the work may .be found in the cnclosed reports and papers. I -will -cite several of the
major accomplishments ol the work below,

Our studics -on dynamic¢ [racturc have led- to the concept of a transition time
[2,3). The response of a ductile f[racture specimen can be characterized by a
short-time response dominated by discrete  waves, an  intermediate-time -respoasc
dominated by the structural inertia and kinctic cnergy and a ong-time response
dominated by deformation cnergy (or stress work). The transition timc, tp, is- dclined
as the time beyond which the total deformation cnergy cxcceds the total Kinetic
energy of the specimen.  Using dimensional and clementary model analyses, we have
obtained a simple formula foi the transition time. The formula has been verified by
two-dimensional and  three-dimensional  full-field -finite clement analysis of a
dynamically loaded threc-point-bend ductile fracture specimen.  While ‘the transition
time can scrve fo distinguish the short-timic from the long-time response, it has an
additional rolc in nonlincar fracture mechanics which is .discussed in the next
paragraph.

Il the maztcrial is ductile and fracture initiation takes place after cxtensive yiclding
of the ligament, the J-integral may be adopted as the characterizing parameter for
fracturc toughncess. tlowever, during the carly stages ol a dynamic loading process when

discrete waves form an important part of the total méchanical ficld; a significant time

may be requircd for a J-controlicd nonlincar crack tip [icld' to become established.
Furthermore J cannot be determined by any dircct means from a remotce Hload and
deformation history until a sulTicient time has clapscd and the crack tip Ticld: has
stabilized. The transition time is an cstimatc ol the clapsed time nccessary to achicve
these conditions. -Conscquently the thice-point-bend specimen-can be eapected to provide

interpretable fracturce toughness data il fracturc occurs beyond tlic transition timic.

We have successfully carricd out three-dimensional clastic-plastic analysis of a
dynamizally loaded thicc-point-bend ductile Fracturc specinien,  The specimen s

loaded to [racturc initiation by a rapidly applicd forcc on the mid=span. of thc bcam.




It is-assumed that the [racturc initiates after substantial plastic -deformation occurs in
the uncracked ligament and the J=intcgral has been adopied as a pertinent parameter
characterizing the -intensity of crack tip [licld. Based on a fundamental crack tip
integral [1], a domain integral form ol J is derived for the three-dimensional crack
front subject to transicnt loadings. The domain. integral -has been shown to -provide
accurate pointwisc valucs of J [rom computed field quantitics. We have shown that
our formulation is idcally suited Tor threce-dimensional analysis.  The variation of J
along the crack front and its dcpendence on loading ratc and clapsed time are
detailed in reference [3].  The analysis provides a -basis for interprctation -of the
dynamic fracturc cxperimcnts being carricd out by Gudas and coworkers [4].

Clugm@&ﬂ’\DS\\«L
C. E. Shih '\ )
Professor of Engincering

xc:  C. Comecita, Exccutive Officer, Division ol Engirccring
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(1985), pp. 229-245. '
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T. Nakamura, C. F. Shih and L. B. Frcund, "Thrce-dimensional clastic-plastic
analysis ol a dynamically loaded threc-point-bend [racturc specimen,” work -in
progress, to be presented at the 3rd International Symposium on Nonlincar

Fracture Mcchanics, October 1986.

E. M. Hackett, J. A, Joycc and C. F. Shih. "Mcasurcment of Dynamic Fracture
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“International Journal'of Fracture 27 (1985)?29-243.
31985 Martinus Nijhoff Publishers. Dordrécht. Printed in The Netherlands.

Computational methods based on-an energy integralin dynamic
fracture

T. NAKAMURA, C.E. SHIH:and L.B. FREUND
Division of Engineering, Brown University, Providence, R1-02912, USA-

(Reccived September 1, 1984)

Abstract

Developments in’the use of:the crack-tip energy-flux integral in computational dynamic fraciure mechanics over
the past few years are reviewed. An expression for:the crack tip energy flux in terms of near ip mechan-cal fields
which'is valid for.general material response is derived. It is thien Jemonstrated that certain useful energy integrals
may be-extracted from the:general-result by invoking the-appropriate characierization of=matenal-response.
Several alternative representations of-energy flux in thezform of integrals over-some finite:region around.the
crack tip are presented and:compared.with a view toward implementation-in finite-element.simulation studies.

1. Introduction

The first-crack tip contour integral expression for elastodynamic-energy release-rate was
proposed by Atkinson-and Eshelby [1], who argued that the-form for -dynamic growth
should be the same as for quasi-static growth with the elastic energy density replaced by
the total mechanical energy-density. that is, the-elastic energy. plus the kinétic er.2rgy. The
equivalent integral expression for. dynamic energy releasé rate in-terms of-crack tip-stiess

and deformation fields was subsequently derived directly from the f{izld equations pof

elastodynamics by Kostrov and. Nikitin.[2] and by Fieund [3]. They enforced an-instanta-
neous energy-rate balance for-the time-dependent volume of material bounded by the

outer-boundary of the solid, the crack faces, and small-loops surrounding each moving.
crack tip and-translating with-it. By application-of Reynold’s transport theorem {4] and-

the divergence theorem an expression for crack tip energy flux in-the form of an-integral
of field quantities along the crack tip loop was obtained. A resultwhich-is applicable to a
much broader range of material response and which contains -the earlier elastodynamic
result- as a special case is-derived here, with an observation made by Eshelby [5]:on the
form-of the equations of motion as a point of departure. A similar-result has also been
obtained by Willis [6].

In the analysis of dynamic crack phénomena by means of computational methods, such
as the finite element method, a fundamental difficulty is en:ounteréd in efforts to
compute values of the crack tip energy flux-versus time or amount-of crack growth. The
difficulty arises from the-fact that, on_the one hand, the crack tip-energy flux is defined in
terms of the values of field quantities-for points-arbitrarily close to the crack tip while.-on
the other “hand, it is precisely for points near the crack tip for which the accurate
calculation of: field quantities-is -most difficult. In an effort to circumvent this difficulty,
finité domain integrals have Been introduced for the computation of dynamic energy
release rate by Kishimoto, Aoki and Sakata {7.8]. by Atluri [9]. and- by Nishioka and
Atluri [10-12].
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